Introduction
"Nano-technology" or "nano-engineering" involves working with structures that are less than 100 nm in size. The challenges that this poses are immense and involve controlling entities on an atomic scale.
1 Given that many disease processes involve damage to cell structures, the ability to administer a substance that either provides a scaffold for ordered cellular regeneration or delivers growth factors that stimulate such recovery is attractive, especially if this scaffold were composed of materials that were able to be broken down without causing long-term damage once their function had expired.
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The Use of Self-Assembling Peptides in Medical Applications
The medical applications of nanotechnology have revolutionized our options for drug delivery, in vivo medical imaging, and biotechnological techniques. 3 Typically these applications utilize amino acid chains that are amenable to selfassembly-that is, forming secondary structures according to their amino acid sequence under certain external conditions. 1, 4 They are, as Loo and colleagues described in 2012, "versatile building blocks for fabricating supramolecular architectures." 4 The development of these has come about through increased understanding of the protein chains found in naturally occurring substances. Peptide self-assembly involves a complex interaction of forces, including hydrogen bonding, ionic forces, hydrophobic forces, van der Waals interactions, and electrostatic forces. 4 Proposed uses for these peptides include drug delivery, scaffold sheaths for neural redevelopment, and, importantly for surgeons, hemostasis. Multiple different types of self-assembling peptides and their formulations have been described. The feature common to all is that they comprise a dissolvable L-amino acid chain that does not interfere with cellular pathways or promote or inhibit signaling and that is broken down via the body's Keywords ► endoscopic transsphenoidal surgery ► hemorrhage control ► nano-medicine ► pituitary surgery ► internal carotid artery injury
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Nano-hemostats are synthetic amino acid chains that self-assemble into a scaffold under certain conditions. These have been shown to be effective in stopping bleeding in small animal models of hemorrhage. Proposed mechanisms for their effect are that they form a mesh analogous to the fibrin plug in native hemostasis and that they may potentiate both platelet activation and the coagulation cascade. These may potentially become valuable adjuncts to endoscopic skull base surgery where there is the potential for both major vessel injury and smaller perforator injury to eloquent areas where bipolar cautery may not be suitable. We present a summary of the clinical studies to date and a small pilot study of nano-hemostat in an endoscopic sheep model of major vessel hemorrhage to determine its efficacy in stopping bleeding in this potentially catastrophic complication.
natural peptidases and enzymes to constituent amino acids after its primary role has been performed. 5 These peptides have been used as hemostatic agents, 5, 6 as an adjunct to ophthalmologic surgeries (e.g., corneal endothelial stem cell transplantation) and, intriguingly, as a self-assembling peptide to provide a scaffold or bridge for axonal regeneration in optic nerve reconnection. 1 Theories have also been advanced in the field of oncology that nanostructures could change the extracellular matrix that facilitates cancer metastasis and ensure malignancy remains localized. 7 A peptide chain selfassembled into a β-pleated sheet named RADA-16 has been used to deliver epidermal growth factor, insulin-like growth factor, platelet-derived growth factor, and stromal cell-derived growth factor-1 to postinfarction myocardium to increase the rate of wound healing. 4 The advantage to this method of drug delivery is that amalgamation into a protein sheet renders the drug less susceptible to metabolic processes within the body and allows it to be delivered unaltered to the site of action. 8 Ellis-Behnke and colleagues have also demonstrated the ability to use these nano-fiber scaffolds to repair hamster brain lesions by allowing nerve fibers to reconnect postseverance. 9, 10 This is analogous to the role played by myelin sheaths in neural protection and redirection.
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Self-Assembling Peptides as Nano-hemostats
Coagulation and subsequent hemostasis depends on multiple factors. These include the endothelial cells of blood vessels, platelets, leukocytes, the coagulation cascade, and the milieu of temperature and blood pH. There are also multiple anticoagulant forces and inhibitors. The precipitating event for nonpathologic coagulation initiation is vessel wall damage. This causes activation of endothelial cells and subsequent platelet activation. Platelets roll along the damaged cells and, using von Willebrand factor adhesion to bind to newly exposed subendothelial cells, aggregate in platelet clumps. Post this event, a mesh of platelets and trapped leukocytes form a scaffold for development of a fibrin clot as part of the coagulation pathway.
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Several studies have examined the role that these selfassembling peptides may play in hemostasis. 5, 6, 14 There are a number demonstrating almost immediate hemostasis in small animal models without activation of the coagulation cascade. This is thought to occur as the nano-hemostat scaffold acts in an analogous fashion to fibrin clot, forming a barrier that both holds platelets in situ and provides an activation stimulus, leading to further aggregation. This has been demonstrated on the mammalian brain, spinal cord, liver, kidney, femoral artery, and skin. 5, 6, 15, 16 The peptide solutions have been shown to breakdown via natural enzymatic processes and are nonimmunogenic and nontoxic. 1 In addition, the breakdown products are amino acids that may be used for subsequent tissue repair.
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Nano-hemostat is a particularly attractive concept in skull base surgery, especially when performed endoscopically. Surgeons are constrained by relatively narrow access corridors that are in close proximity to major vascular structures such as the internal carotid artery, anterior cerebral arteries, and basilar artery and venous structures such as the cavernous sinus.
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Injury to these structures carries the potential for devastating and potentially fatal bleeding. [17] [18] [19] [20] [21] [22] [23] [24] Much work has been performed to determine the safest way to halt bleeding in this environment and the safest way to train surgeons to operate in this area. [25] [26] [27] [28] [29] In this situation, the ideal hemostatic agent should be able to conform to irregular cavities, to not obstruct the surgical field, and to not damage surrounding structures, either through thermal or chemical injury or through expansion and pressure injury to nerves or vessels. 
25-28
Hemostatic clips can be difficult to apply in situations with a tear in an artery at the lateral extremity of the surgical field.
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Nano-hemostats in Animal Models d-EAK16
Evidence to support the hypothesis that nano-peptides in hemostasis provide more than a simple physical barrier comes from studies looking at peptide d-EAK16 by Luo et al.
14 Self-assembly of d-EAK16 was timed in a pure water solution and in a living animal model (rabbit liver). It took approximately 16 hours for d-EAK16 to self-assemble in water but approximately 20 seconds to assemble in whole blood. The time to hemostasis in this d-EAK16 group was significantly lower when compared with controls (no treatment) (20 vs. 80-120 seconds). The authors conclude that ions, proteins, enzymes, and "other factors" in blood work cooperatively to cause hemostasis. Their rationale is that normal hemostasis occurs when there is a high concentration of clotting factors held within a localized area whereas the same gross number of coagulation components would be ineffective if spread out over a larger area. d-EAK16 is thought to be triggered by sodium, magnesium, potassium, calcium, iron, and zinc within the circulating plasma to form a stable β-pleated sheet in which platelets and subsequently endogenous coagulation factors become trapped and undergo activation in the usual fashion. This β-pleated sheets then combine to form first short and then long nano-fibers that may then form "tight junctions" impervious to liquids. These peptide chains have been shown to work best as a hemostatic agent when comprised of amino acids of the same chirality. Alternating chirality gave bleeding times up to eight times longer in a rat liver hemorrhage model.
in preclinical trials. 6 It addresses the potential for hemostasis in the context of anticoagulation. 6 In a noncompressible, fullthickness 4-mm liver punch biopsy model in rats, AC5 achieved hemostasis equivalently in heparinized and nonheparinized rats with a 94% reduction in time to hemostasis compared with saline controls.
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RADA-16
RADA-16 is a self-assembling peptide of ionic hydrophilic and hydrophobic amino acids. It is 5 nm in length and forms stable β-pleated sheet structures that turn into hydrogels. 
Pilot Study of Nano-hemostat on an Animal Model of Major Vessel Injury Relevant to Skull Base Surgery Aim
The aim is to determine the feasibility of a nano-hemostat solution in stopping bleeding from major arterial and venous sources and its ease of use in an endoscopic setting. The peptide chosen was RADA-16 (Arg -Ala -Asp -AlaArg -Ala -Asp -Ala -Arg -Ala -Asp -Ala -Arg -Ala -Asp -Ala -NH 2 ), which is known for its propensity to self-assemble and has been used as a nano-hemostat in small animal models. 5, 8, 16, 39 This was sourced from China Peptides as a 70% pure powder.
Method
Ethics approval was obtained from the Animal Ethics Committee of the South Australian Health and Medical Research Institute. Two merino sheep were anaesthetized and placed supine. A midline neck dissection was performed, and left carotid artery was cannulated for an arterial line and the left internal jugular cannulated for a central venous catheter. The right carotid artery and right internal jugular vein were dissected free and a segment of at least 8 cm was cleared of surrounding fascia. An endoscopic training model was placed around the internal jugular. These silicon-based models re-create the sinonasal cavity with the vessel running through a groove at the base of the model. The sheep is then draped and provides a realistic representation of endoscopic surgery (►Fig. 1A, B). RADA-16 nano-hemostat was mixed with saline in a 10% mixture forming a gel at room temperature. This was drawn up into a 10-mL syringe and a blunt cannula attached. Using a 19-gauge needle, a hole was made in the internal jugular and blood allowed to escape for 20 seconds (►Fig. 2A). RADA-16 was then applied to the jugular injury at the rate of 1 mL/s (►Fig. 2B). While it slowed the bleeding and provided a semitranslucent membrane over the injury, blood could still be seen escaping from the hole in the jugular vein underneath this for a period of 15 seconds before hemostasis occurred. A proximal injury was subsequently made in the same animals as an untreated control that continued to bleed for 5 minutes until RADA-16 was applied and hemostasis occurred at approximately 15 seconds. The nano-hemostat did not appear to set in a solid fashion but remained as a jelly-like substance when observed for 20 minutes.
The endoscopic trainer was then applied to the carotid artery of the same sheep. A curved aneurysm clip was placed half way across the carotid artery and a 4-mm linear incision was made in the wall of carotid artery (►Fig. 2C). The aneurysm clip was removed and the injury allowed to bleed for 3 seconds (►Fig. 2D). A sucker was used to control the field, and an identical mix of 10 mL of RADA nano-hemostat was immediately applied to the injury. There was no discernable decrease in the bleeding rate. RADA-16 appeared to be washed away by the pressure of the bleeding (systolic range: 70-90 mm Hg). We were unable to control the bleeding and after a period of 90 seconds were forced to use a crushed muscle patch to stop the bleeding that worked to good effect as previously reported. [25] [26] [27] [28] This was repeated in a second sheep with identical results. Sheep were then humanely killed. The jugular and carotid were dissected out and placed in formalin and scanning electron microscopy (SEM) fixative. A small amount of muscle was also covered in nano-hemostat postmortem and sent for histology and SEM. SEM was performed postpreparation and coating of the samples in platinum. The nano-hemostat could be seen coating the muscle patch and forming a "glue" or matrix with long scaffolds or fibers with a width of 30 to 70 nm. Erythrocytes could be seen trapped within this matrix (►Fig. 3).
Discussion
This pilot study demonstrates some of the inherent limitations of gels or liquids in high-flow, high-pressure bleeding. While the bleeding from the jugular vein injury could be stopped with this nano-hemostat mixture, this is a comparatively low-flow, low-pressure injury. The carotid artery injury was unable to be controlled with the nano-hemostat, and eventual control was achieved with the conventional option of crushed muscle patch.
There are several questions raised by this small pilot study that may warrant further investigation. The literature is not clear regarding the percentage strength of solution used in previous nano-hemostat studies utilizing RADA-16.
2,5,15,40,41
While these have stopped bleeding in mouse models, this may simply be a reflection of the lower pressure and lower volume of flows in these injuries. The ideal percentage is not yet clear. Our 10% solution provided a solution viscous enough to adhere to the side of the plastic syringe. This was chosen because we were interested in its ability to be applied in an endoscopic scenario, and it appeared to provide a balance between applicability and viscosity.
This pilot study appears to add weight to previously published studies that have described success in bleeding control of small vessels in small animal models using nano-hemostat. 5, 15, 40, 41 Certainly it appeared to have some success controlling a small jugular vein puncture. There may be future avenues worth exploring regarding the use of nano-hemostat in areas where visualization of the bleeding point would be useful such as a venous ooze from the lateral borders of the sphenoid corridor of a pituitary resection or in endoscopic resection of a skull base tumor. Current teaching involves packing these areas and moving the dissection to another region rather than laboriously obtaining control and drying the field with bipolar as this would add inordinate amounts of time to what is already a long operation. It would be advantageous to have a semitranslucent hemostat that would allow the surgeon to see the bleeding point underneath the hemostat rather than having to remove the pack and potentially remove the fibrin/platelet plug/clot in doing so, causing further bleeding.
This pilot study appears to show that nano-hemostat is unlikely to adequately control a high-flow, high-pressure bleed such as that from a carotid artery injury. SEM shows the nano-hemostat forming a matrix in which circulating erythrocytes and platelets are trapped (in much the same way as a fibrin plug is formed), but this only formed in the postmortem samples where there was obviously no pressure washing the nano-hemostat away. For this to work in vivo, the nana-hemostat would need to be held in situ for a prolonged period, possibly as part of a patch or pad. It would also be useful to test this nano-hemostat in a recovery model to determine whether pseudoaneurysms form and whether the scaffold holds for sufficient time for re-endothelialization to occur. Further research is needed to address the optimum formulation and indications for use of this potentially revolutionary new hemostatic agent.
